I. INTRODUCTION
The interaction of a turbulent wind with a dust-laden surface, and the subsequent lofting of dust particles, is of interest for a variety of applications.
If the surface particles are relatively heavy and the wind speed is not large, the individual particles ejected from the ground rise a certain distance, travel with the wind, and then descend back to the ground. This process, referred to as "saltation," leads to the generation of desert dunes.
1 ' 2 The saltation region occurs in the range where FD is the aerodynamic drag force on a particle resulting from turbulent fluid motion and F is the gravitational force. Other symbols are defined in the Appendix. The lower limit is related to the minimum force required to loft a particle, and the upper limit corresponds to the limit beyond which the particle goes into suspension. With increase in wind velocity, the dust particles enter suspension.
This process is of interest in the generation of dust clouds and in the evaluation of nuclear weapons effects. 3 Relatively few experimental studies have been made of dust ingestion into a high-speed turbulent boundary layer. to 5 x 104 cm/sec.
5
A'% -Current analytical models for estimating the local rate of surface erosion generally assume that the erosion rate is proportional to the surface shear that would exist in the absence of lofting (e.g., Refs. 6, 7). The con--stant of proportionality is deduced from Hartenbaum's experimental results.
The dependence of the constant of proportionality on particle and fluid properties is not known. Hence, the range of validity of this approach is uncertain with departure from Hartenbaum's test conditions.
The present study is an attempt to evaluate local erosion rates using conventional turbulent boundary-layer theory. The case considered is one wherein the supply of surface particles is unlimited and the particles reach velocity equilibration with the ambient fluid soon after their injection into the boundary layer. The flow is then similar to the case of a turbulent boundary layer with surface blowing.8,9,10 It is assumed that the blowing rate is such that the surface shear is reduced to the threshold value of shear at which surface-particle mobility is maintained. 
II. THEORY
Integral relations for a turbulent boundary layer, with blowing, are noted. They are solved subject to the assumption that the wall shear equals the threshold vaoue at which surface-particle mobility is maintained.
Expressions are derived for the rate of dust ingestion into a turbulent boundary on a flat plate and behind a moving shock wave (e.g., Fig. 1) .
A.
BOUNDARY-LAYER EQUATIONS
Consider a turbulent boundary layer with surface blowing and zero pressure gradient. The effect of blowing on local shear and boundary layer thickness can be approximated by 
F
assumption that the ratio 8/6 is relatively independent of blowing. Equation (lb) is less well-established than Eq. (ia).
B. THRESHOLD SHEAR
The lowest value of surface shear at which surface-particle mobility is * maintained is termed threshold shear, Tt, and can be expressed 
2
The constant 8 may be viewed as the ratio of shear force Tt d to the 34 gravitational force a gd at which surface-particle motion can be maintained.
C. DUST-INGESTION EQUATIONS
We now assume turbulent flow over a surface consisting of an unlimited number of small particles. We also assume that the local rate of ingestion of particles into the boundary layer is just sufficient to reduce the local surface shear to the threshold value. Thus, If the surface shear in the absence of blowing Cf, 0 is known, the local blowing parameter B can be found from Eqs. (la) and (3) by iteration, namely
The local blowing rate is then
and is seen to depend only weakly on B. Other boundary-layer properties are found as follows. The net particle flux at streamwise station x = L can be expressed in the alternative forms 9I,-,-
Equation ( That is, it is assumed that normalized streamwise velocity and particledensity profiles are similar and have a power-law variation with y/6.
Substitution into Eq. (5b) yields
Equation (8a) is relatively insensitive to n and the value for n -7 will be used. Equations (lb), (6) and (8) yield the particle density at the wall, namely, Pu--"-(9c)
.:: u 90 x e These equations are now evaluated for the case of incompressible flow over a 4 flat plate and for flow behind a moving shock wave.
D. INCOMPRESSIBLE FLOW OVER A FLAT PLATE
Consider incompressible flow over a flat plate ( 
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These results are applicable for Reynolds numbers beyond the transition value,L..
Rex 1 i6
Thus, for air, the region of applicability is
The variation of boundary-layer properties with increase In Cf /f~i indicated in Table I However, as will be shown, the results of Hartenbaum in Table 2 and Fig. 3a include data at Cf,o/Cf,t = 41.7 which are consistent with the present model. Hence, the lower limit on C ,/C for which the present results are
useful, is not clear. The curves in Fig. 2 are dashed, for Cf,o/Cft < 50, to reflect the uncertainty in the lower limit of the suspension regime.
E. BOUNDARY LAYER BEHIND A MOVING SHOCK
The boundary layer behind a moving shock is illustrated in Fig. lb 
Cf,t
Bd/(6.4 x 10-5 )
(9
The solution, with dust ingestion, is then found from The dust loading at the wall, for ideal air, is then
For strong shocks, (p ) /P falls below one. This is due to the fact that, p w w for strong shocks, the air density at the wall rises more rapidly with shock strength than does the particle density at the wall. In these cases the peak dust loading (p )/p occurs within the interior of the boundary layer.
However, this feature of the solution may be an artifact of the simplified particle-density profile assumed herein (Eq. (16)].
F. VELOCITY EQUILIBRATION
It has been assumed that the particles ingested into the boundary layer rapidly achieve velocity equilibration with the local flow. The region of validity of this assumption is now established.
Assume that the dust particles leave the surface vertically, with a velocity vp,w. The initial value of drag coefficient is, for spherical 18.'
where
Here p and Ui are fluid properties evaluated at the vail (Eq. (24b)] corresponds to Stokes' drag law. Let tE denote the time for the particle to reach velocity equilibration with the local fluid. Let L E denote the vertical distance from the wall at which velocity equilibration is reached. 
where 
A. FLAT PLATE
Hartenbaum has reported 4 boundary-layer properties and dust-erosion rates at a distance of x -488 cm downstream of the leading edge of a silica sand bed. The mean particle diameter was d -0.025 cm and the test gas was air at standard conditions. Three free-stream velocities (Me -0.100, 0.212, and 0.336) were considered. His results are indicated in Fig. 3 and Table 2 . The predictions of the present theory are included in Table 2 and Fig. 3a .
The local erosion rate was correlated by Hartenbaum in the form (Fig. 3a) ( . i
The present theory underestimates the local erosion rate by a factor of 0.4.
The exponential dependence on u e is remarkably close. It should be noted, however, that Eq. (29b) represents a tangent to the corresponding curve in Fig. 2 and therefore is applicable only for a limited range of u e and x.
Local experimental boundary-layer thickness can be estimated from the velocity profiles in Fig. 3b and is included in Table 2 . The predicted boundary-layer thickness is larger than the experimental value by a factor that varies from 2.0 to 1.3 as Me increases from 0.100 to 0.336. The experimental value of 8, however, is not a well-defined quantity. The edge of . , . . . , . . .. . , -,, --. -. -.-,  ,, , _. -. , -,. . , . . -,. , , . ,. ; . . the dust layer (see Fig. 2c ) appears to extend to values of y which are greater than the experimental values of 6 inferred from the velocity profiles in Fig. 2b and are in better agreement with present boundary-layer thickness predictions. The experimental velocity profile in Fig. 3b indicates a power law u ~ y"/n with n -1.6, as opposed to the value n -7 used herein. The .
reduction in n, with an increase in blowing rate, is physically realistic.
The present theory can be generalized to consider velocity profiles of the form yl/n, but the extension does not appear warranted at the time.
The dust-density profiles presented in Ref. 4 have been extrapolated to the wall in order to provide a rough estimate of (p )w/P e .
Values of 2 to 3 are inferred. These are in approximate agreement with the predicted value of
1.03.
The theoretical estimate for the parameter £E/S increases from 0.3 to 0.9
as Me increases from 0.100 to 0.336. Hence the applicability of the theory at the larger values of Me may be questioned. However, in view of the fact that no attempt was made to adjust the single free parameter in the present study, 0, the agreement between theory and experiment is surprisingly good. The experimental and theoretical predictions of local erosion rate, boundary-layer thickness, and dust density near the wall agree to within about a factor of 2.
No systematic divergence between theory and experiment is noted as IE/ 6 increases from 0.3 to 0.8. This suggests that the present theory may be applicable in the extended range tE/ 6 < 1.0, as defined herein, to within an accuracy of about a factor of 2. after shock arrival and shock Mach number. The experimental results are compared with theoretical predictions in Table 3 .
B. BOUNDARY LAYER

A
Comparison of the theoretical and experimental estimates for dust cloud height indicates that the theory overpredicts the height by factors that range from 3.2 to 1.9 for the data in Table 3 . The discrepancy is reduced with an j increase in x and M s . The magnitude of the overprediction is about the same as for the flat-plate case.
The dust-density profiles were extrapolated to provide estimates of the j dust density near the wall. The extrapolated values are in approximate agreement (to within about a factor of 2) with the theoretical predictions.
Values of Red and L /6 are included in Table 3 . The latter has been E calculated from Eq. (26) by using CDp -1. It is seen that 
IV. CONCLUSION
The present theory contains a number of critical assumptions. The most important are that (I) conventional turbulent boundary-layer correlations apply for very large values of the blowing parameter B, and that (2) the effect of dust ingestion is to reduce the wall shear to the threshold value needed to maintain surface-particle mobility. In addition, it has been assumed that the local blowing rate is not particle limited and that the particles are in local velocity-equilibration with the ambient fluid. Simple normalized profiles were assumed in order to calculate dust loading.
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